Abstract: A computational study using density functional theory is reported for selected model aza[n]circulenes (n = 6, 7, 8 and 9) and their derivatives consisting of pyrrole and benzene units. Local aromaticity of central rings was discussed and analyzed using theoretical structural indices. Depending on their molecular structures, energies of the highest occupied and lowest unoccupied molecular orbitals change from -5.23 eV to -4.08 eV and from -1.97 eV to -0.41 eV, respectively. Based on B3LYP calculated optimal geometries, electronic structure of molecules and their charge transport properties resulted in the suggestion of three planar molecules containing three or four pyrrole units as potential candidates for p-type semiconductors. Hole drift mobilities for ideal stacked dimers of these potential semiconductors were calculated and they range from 0.94 cm .
Introduction
Hydrocarbon [n]circulenes represent a group of fully conjugated polycyclic compounds characterized by a central ring with [n] sides surrounded by ortho-fused benzene rings (Hensel et al., 2015) . Nowadays, synthesized [n]circulenes and their -extended derivatives include bowl-shaped [4]circulene (Bharat et al., 2010) and [5] circulene (Barth and Lawton, 1996) , planar [6] circulene (Scholl and Meyer, 1932) , saddle-shaped [7] circulene (Yamamoto et al., 1983) and [8] circulene (Feng et al., 2013) . Optimal geometries of all hydrocarbon [n]circulenes from [3] circulene to [20] circulene were theoretically predicted by Christoph and co-workers (Christoph et al., 2008) , who described the dependence of strain energy on the enlargement of the [n] circulene structure compared to the energy of [6] circulene using the Density Functional Theory (DFT) to predict molecular structure and implied properties. On the other hand, the existence of [3] circulene is considered to be unfeasible. Replacing outer fused benzene rings by heterocyclic rings results in planar condensed heterocyclic compounds with highly -conjugated electronic structures which can eventually be used in many important applications (Huong et al., 2015) . Octathio[8] circulene (C 16 S 8 ), called "sulfl ower", is a promising compound for optoelectronic applications, where all fused benzene rings are replaced by eight fused thiophene rings. It was synthesized in 2006 for the fi rst time (Chernichenko et al., 2006) . This compound was found to be a promising p-type organic semiconductor by both experimental and theoretical approaches (Dadvand et al., 2008; Datta and Pati, 2007) . Subsequently, electronic structure and charge transport properties of various tetra-hetero [8] circulenes have also been extensively studied (Mohakud and Pati, 2009; Gahungu et al., 2009; Huong et al., 2012) . Among them, organic molecules as azatrioxa-, diazadioxa-, diazadithia-, diazadiselena- [8] circulenes and tetrabenzotetraaza [8] circulene (Xiong et al., 2017; Sakamoto and Suzuki, 2013) have also attracted considerable attention because of functional motifs based on the unique optical and electronic properties of pyrroles. All the above mentioned heterocyclic [8] circulenes were suggested as either p-type or n-type organic semiconducting materials. The concept of aromaticity is fundamental to rationalize and understand the electronic structure of compounds containing fused benzene and heterocyclic rings. It has been studied and characterized by many theoretical and organic chemists. Electronic structure of aromatic molecules can be investigated and described using different experimental techniques and theoretical methods. From the theoretical point of view, DFT represents one of many chemical approaches for the quantifi cation of electron structure of conjugated systems with mode rate computational cost (Hohenberg and Kohn, 1964; Runge and Gross, 1984) . The DFT method is convenient for the gas-phase optimal geometry investigation of large molecules because it includes most effects of electron correlation. Although the electronic structure of various aza- [8] circulenes has been well characterized theoretically, systematic theoretical comparative study on model aza-[n]circulenes (n = 6, 7 and 9) and their derivatives is absent in literature. With respect to this fact, we decided to present a theoretical analysis of electronic structures of the model series of ten aza-[n]circulenes (n = 6, 7, 8 and 9) and their derivatives (Fig. 1) . Partial aims of this study are: (1) to calculate optimal geometries; 2) evaluate energies of frontier molecular orbitals and visualize their shapes and (3) calculate reorganization energies and drift mobilities. Consequently, the local aromaticity of central rings is discussed and hole mobilities are evaluated for selected model π-stacking confi gurations of dimers.
Quantum chemical calculations method
Quantum chemical calculations were performed using the Gaussian 09 program package (Frisch et al., 2010) . Optimal geometries of the studied molecules were calculated by the DFT method with B3LYP (Becke's three parameter Lee-YangParr) (Lee et al., 1988; Becke, 1988) functional without any constraints with the energy cut-off of 10 -5 kJ·mol -1 and fi nal RMS energy gradient below 0.01 kJ·mol -1 ·A -1 . For open-shell systems, such as cations and anions, the unrestricted formalism (UB3LYP) was used. The SVP/SVPFit basis set of atomic orbitals was applied for all atoms (Eichkorn et al., 1995; Eichkorn et al., 1997) . Next, the basis set for nitrogen atoms was minimally augmented with diffuse s-and p-functions by the set of diffusion functions in a systematic way (exponents of functions set to 1/3 of the exponent of the lowest function in the non-augmented basis set) (Zheng et al., 2011) . Optimized structures were confi rmed to be stable by vibrational analysis (no imaginary vibrations). For the model -dimers, the interaction energy was corrected on Basis Set Superposition Error (BSSE) (Boys and Bernardi, 1970) using the Counterpoise method (Simon et al., 1996; Xantheas et al., 1996) and the B3LYP-D functional including the Grimme's dispersion D3 corrections on the van der Waals interactions was used (Grimme et al., 2010) . The corresponding keyword in Gaussian input was GD3BJ. Molecules and molecular orbitals were visualized using the Molekel program package (Flukiger et al.; . Strain energies of the molecules were calculated to characterize structure modifi cation of molecules in comparison with fi xed planar structure, which is defi ned as the difference between electronic B3LYP energy of optimal geometry and electronic B3LYP energy of planar geometry with fi xed atom arrangement. One possible way of central ring aromaticity quantifi cation is to express the geometrical changes of carbon-carbon bond lengths with respect to the structural changes using the Harmonic Oscillator Model of Electron Delocalization (HOMED) index (Frizzo and Martins, 2012) ( )
where j represents the number of bonds considered and R i is the actual carbon-carbon bond length (see Tab. 1). The B3YPL/SVP/SVPFit optimized reference carbon-carbon bond length (R ref ) obtained from the benzene molecule is of 1.3988 Å. The normalization constant, a, was calculated using the following equation (Ośmiałowski et al., 2006 )
where the reference single bond R sin and the reference double bond R doub were estimated from ethane and ethene molecules respectively. Our calculated single C-C and double C=C bond lengths were 1.5277 Å and 1.3330 Å, respectively. Based on these bond lengths, the normalization constant is of 95.6 Å -2 . Internal reorganization energy (l ± ) is another important quantity describing structural changes in molecules upon electron abstraction or addition. These energies refer to the energy required for geometry relaxation from the electroneutral to charged state of molecule and vice versa Wang et al., 2014; Da Silva Filho et al., 2005; Marcus, 1993) . Based on the optimized electroneutral molecule and cation/anion geometries, reorganization energies are given by the equation
where E ± (Q N ) is the total energy of charged state in the electroneutral geometry, E ± (Q ± ) is the total energy of the charged state in the charged state geometry, E N (Q ± ) is the total energy of the neutral state in the charged state geometry, and E N (Q N ) is the total energy of the electroneutral state in the neutral geometry (Malagoli et al., 2004; Brédas et al., 2004) . To describe conductive properties, the hole-transfer rate, k hole , between two interacting subsystems can be evaluated using classical Marcus formula (Marcus, 1993; Sakanoue et al., 1999; Malagoli and Brédas, 2000) 1/2
where t represents an intermolecular hole-transfer integral between the interacting molecular sites,  is the reduced Planck constant, k B is the Boltzmann constant, T is the thermodynamic temperature and l + represents the hole reorganization energy. The hole-transfer integrals for optimal dimer geometries were calculated in the one-electron approximation using the direct evaluation method (Nan et al., 2011) . At constant temperature, the hole drift mobility, m hole , can be calculated by the Einstein-Smoluchowski relation (Maier and Ankerhold, 2010; Cornil et al., 2002) 
where e is the elementary charge. The length of hopping pathway, d, is defi ned as the centroidto-centroid distance. Symbol m stands for space dimensionality and k hole is the hole-transfer rate. Considering a two-dimensional transfer, m value equals 2.
Results and Discussion
Chemical structure Chemical structure of the investigated molecules depends on the size of their central ring as well as on the number of outer heterocyclic units. According to the notation in Fig. 1 (Chernichenko et al., 2006) . In case of the remaining investigated molecules, separation of pyrrole units by benzene ring supports the planarity for almost all [n/2]aza[n]circulenes (n = 6, 8).
The theoretically predicted planar structure of the VIII-N4 molecule is in agreement with the X-ray structure of alkyl substituted tetraaza-[8]circulene (Nagata et al., 2017) . The largest IX-N5 molecule is planar because of two condensed pyrrole rings which results in the strain decrease in the central ring compared with IX-N4. Interestingly, planarity of VII-N3 is caused by two condensed benzene rings in its structure. Generally, planarity of a molecule is supported by lower strain in the structure characterized by strain energies and dihedral angles. Strain energies, E s , calculated with respect to the fi xed planar geometries changed from 57.3 kJ·mol -1 to 210 kJ·mol -1 for the bowl-type structures (Fig. 2) . Only one molecule, IX-N4, exhibited the saddle-type structure and the corresponding strain energy was 17.6 kJ·mol -1 . Dihedral angles studied are defi ned by three atoms from the central ring characterizing one plane, the fourth atom is carbon in fused pyrrole rings (see Fig. 2 ). Bowl-shaped molecule VI-N6 provides the smallest range of dihedral angles (118-126 °) and so it is obvious that this molecule has the most signifi cant strain (with strain energy of 210 kJ·mol -1 ) compared with its fi xed planar structure. On the other hand, in case of the IX-N9 molecule, di hedral angles are in the range from 143 ° to 153 ° and its strain energy is of 57.3 kJ·mol -1 , which means that this molecule is not signifi cantly deformed related to the planar structure. Although the pyrrole and benzene building units have aromatic character, central rings of the studied aza-[n]circulenes do not have to be aromatic. The Tab. 1. Selected B3LYP/SVP/SVPFit optimal bond lengths (in Ångstroms) and HOMED parameters of central rings of all studied molecules. Calculated values of energy parameters for both charged states are listed in Tab. 2. For planar molecules, the B3LYP hole reorganization energy, l + , connected with the formation of cationic state varies from 0.144 eV for IX-N5 to 0.332 eV for VII-N3. In case of bowl-shaped mole cules, the VII-N7 molecule has the highest value of l + (0.713 eV). The saddle shaped molecule IX-N9 provides the hole reorganization energy of 0.638 eV. In case of anionic state formation, the electron reorganization energies, l -, change from 0.167 eV for the planar VIII-N8 molecule to 0.685 eV for the bowl-shaped VI-N6 molecule. The hole reorganization energy decreases as the size of the -conjugated system increases. The presented results are in good agreement with the general trends suggested in literature. For example, the calculated intramolecular hole reorganization energy for an isolated tetracene is of 0.114 eV (Da Silva Filho et al., 2005) , which is nearly by 30 % lower than that of the rubrene molecule (0.159 eV) containing four perpendicularly oriented phenyl rings. However, these values remain signifi cantly lower than that of bis-(triarylamine) derivative of tetraphenyl-diamino-biphenyl (TPD) (0.290 eV) (Malagoli et al., 2004) , a well-established holetransport material. The low electron reorganization energy of fullerenes can also be attributed to their extended -conjugation and their rigid molecular structures. For example, the C 60 molecule has been found to be an excellent n-type acceptor with low electron reorganization energy of 0.060 eV (Larsson et al., 1998) . On the other hand, theoretical B3LYP l − values reported for donor-acceptor 1,8-naphthalimide derivatives are of 0.216-0.235 eV (Chai and Jin, 2016) . For a smaller fl uorinated pentacene, the electron re or gani zation energy is of 0.246 eV (Lukeš et al., 2018) and for tris(8-hydroxyquinolinato)aluminum (Alq 3 ) it is of 0.296 eV (Friederich et al., 2016) . 
Frontier molecular orbitals
Energy levels of frontier molecular orbitals have direct infl uence on the carrier injection ability and oxidation stability of the material. Based on the B3LYP/SVP optimized structures of the electroneutral state, energy levels of the Highest Occupied (HOMO) and Lowest Unoccupied (LUMO) Molecular Orbitals were calculated. The obtained results and corresponding energy gaps (E g ) for all molecules are depicted in Fig. 3 . Enlargement of molecular structures with respect to the number of building aromatic units signifi cantly affects the energy of frontier molecular orbitals. However, there is no signifi cant trend. In Fig. 3 , the depicted blue bars represent LUMO energies within the energy interval from -4.4 eV to -3.8 eV, which are suitable to stabilize electrons during charge transfer in electron transport materials (Liu et al., 2010; Chang et al., 2010; Murphy and Fréchet, 2007) . Our theoretical calculations showed that LUMO energies vary between -2.0 eV and -0.4 eV. These values do not meet the above-mentioned criteria; thus it is not an optimal setting for n-type semiconductivity.
On the other hand, the depicted pink bars indicate the range of HOMO energy values typical for commercial p-type organic semiconductors. For example, the reported HOMO energies of -sexithiophene and pentacene are of -5.3 eV and -5.0 eV (Sigma Aldrich, 2019), respectively. In case of the smallest planar VI-N3 molecule, the B3LYP HOMO energy is of -5.26 eV and it is the lowest HOMO energy compared with the remaining studied molecules. The corresponding LUMO energy is of -0.90 eV. The maximal value of HOMO is of -4.10 eV for the saddle-shaped IX-N9 molecule. Based on our results, HOMO energies of VII-N3, VIII-N4 and VI-N3 fall within the interval of HOMO energies typical for p-semiconductors (see Fig. 3 ).
The HOMO−LUMO energy gap (E g ) value represents a theoretical parameter which corresponds to the electrochemical gap. The B3LYP/ SVP E g energy is the highest for the smallest planar molecule VI-N3 (4.36 eV) and the lowest for the bowl-shaped VI-N6 molecule (2.62 eV). With respect to the above-mentioned criteria, mole cules VII-N3, VIII-N4 and VI-N3 could be used as potential p-type semiconductors because of their low reorganization energies and their HOMO energies falling within the interval typical for p-semiconductor LUMO energies. Moreover, planarity of these molecules supports their potential application in optoelectronics. Shapes of frontier molecular orbitals of selected planar VII-N3, VIII-N4 and VI-N3 molecules reveal the typical -type molecular orbital character. As it is demonstrated in Fig. 4 for the abovementioned promising molecules, the lobes of HOMO for larger VII-N3 and VIII-N4 molecules are spoke-wheel oriented towards the central ring. Probably, the different shape of electron delocalization in the smallest VI-N3 molecule is related to lower aromaticity of its central ring (see Tab. 1). A similar situation occurs in the delocalization of LUMO clouds where electrons are depleted from nitrogen atoms of pyrrole units. Interestingly, an increase of central ring HOMED causes a decrease of energy gaps of molecules. Electrochemical properties of the investigated organic molecules as well as their air stability are also proportionally related to their ionization potentials (IPs) and electron affi nities (EAs). These quantities are commonly used for the interpretation of electric solid-state experiments. According to previous studies, the adiabatic IP (AIP) of the selected air-stable p-type materials ranges from 5.9 eV to 6.8 eV, while the adiabatic EA (AEA) for the air-stable n-type ones should be lower than 4.0 eV but higher than 2.8 eV (Liu et al., 2010; Chang et al., 2010) . The comparison of vertical ionization potentials (VIP), vertical electron affi nities (VEA), adiabatic ionization potentials (AIP) and adiabatic electron affi nities (AEA) listed in Tab. 2 supports the fi ndings obtained from the analysis of energies of frontier molecular orbitals. The studied molecules are unsuitable organic n-semiconductors. However, the planar VII-N3, VIII-N4 and VI-N3 molecules could be perspective as p-type semiconductors.
Electric mobilities
Macroscopic properties of solid materials strongly depend on the internal molecular structure. However, it is impossible to calculate the exact value of microscopic electric quantities because they represent the statistical average value of local molecular assemblies. To estimate and compare the p-type semiconducting properties of selected perspective molecules (VII-N3, VIII-N4 and VI-N3), model dimers in perfectly parallel-stacked confi guration were investigated. As it is indicated in Fig. 5 . Additionally, the hole drift mobilities dependence on the distance between planes in the vicinity of the minimal interaction energy of an ideal dimer, i.e. d between 3 to 4 Å, was studied because the displacement between the molecular units can vary in real solid materials. As it is illustrated in Fig. 6 , exponential decrease of the hole drift mobilities occurred given by:
Correlation coeffi cients of the fi tted function are above 0.999. The lowest value of the preex po- Fig. 6 . Dependence of hole electric mobilities on the distance for promising model dimers of VI-N3, VII-N3 and VIII-N4.
nential factor A was found for the VII-N3 dimer and its value is of (7.7 ± 0.6) × 10 3 cm 2 ·V -1 ·s -1 . These values for VI-N3 and VIII-N4 dimers are of (54 ± 4) × 10 3 cm 2 ·V -1 ·s -1 and (14 ± 1) × 10 4 cm 2 ·V -1 ·s -1 , respectively. Exponent arguments B (in Å −1 ) are of 2.47 ± 0.03 for the VII-N3 dimer, 2.54 ± 0.02 for the VI-N3 dimer and 2.79 ± 0.03 for the VIII-N4 sandwich dimer. It seems that the magnitude order of obtained values is comparable with the theoretical and experimental values reported in literature for hole mobility of typical organic p-type semiconductors. For example, the hole drift mobility simulated for perfect coronene and pentacene stacks were found to be 14.93 cm 2 ·V -1 ·s -1 (Bag and Maiti, 2017) and 12.54 cm 2 ·V -1 ·s -1 (Lukeš et al., 2018) , respectively. However, experimental results for pentacene fi lm layers are between 0.3 and 3.0 cm 2 ·V -1 ·s -1 depending on the temperature and construction of fi eld-effect transistors (Lin et al., 1997; Yakuphanoglu et al., 2012 ).
Conclusions
Ten model aza-[n]circulenes (n = 6, 7, 8 and 9) and their derivatives were studied at the density functional theory level. The obtained theoretical data show that local aromaticity of the central ring is strongly dependent on the number of benzene and pyrrole units and on their mutual position. The minimal steric repulsion among the aryl rings were found for the VI-N3, VII-N3, VIII-N4, VIII-N8 and IX-N5 molecules. Depending on the molecular structure, energies of the highest occupied and lowest unoccupied molecular orbitals change from -5.23 eV to -4.08 eV and from -1.97 eV to -0.41 eV, respectively. A comparison of frontier molecular orbital energies, ionization potentials and electron affi nities with data for typical organic semiconductors showed that none of the studied molecules are suitable to be n-type semiconductors. On the other hand, based on the calculated electric properties, planar VII-N3, VIII-N4 and VI-N3 molecules are potential p-type semiconductors. For perfect-stacked sandwich dimers at optimal centroid-to-centroid distance, the hole drift mobility evaluated is maximal for VI-N3 with the value of 7.33 cm 2 ·V -1 ·s -1 . Molecule VII-N3 provides significantly lower hole drift mobility of 0.94 cm 2 ·V -1 ·s -1 .
